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Quasi-two-dimensional (2D) layers of thin transition metal dichalcogenides (TMDCs) have 
received a lot of attention in low-dimensional applications due to their excellent electronic 
and optical properties.1 Molybdenum disulfide2-10 (MoS2), an interesting member of DTMC 
family, is an indirect band-gap semiconductor without any significant optical activity as long 
as it retains its bulk structural properties.11 As the number of lattice layers decreases, however, 
it begins to show strong photoluminescence near the direct gap at the K point because the 
indirect gap near  point of the Brillouin zone is significantly widened by the two-
dimensional quantum-confinement effect, which has a relatively weaker effect at the K point 
due to the high out-of-plane electron and hole masses.11,12 Thus, in an atomically thin MoS2 
structure, the direct-gap exciton dynamics at the K point play a key role in determining the 
confinement-enhanced two-dimensional optical characteristics. 
Recent work13 suggests that the exciton dynamics14-20 in MoS2 is strongly influenced by 
valence band splitting, which leads to Coulomb-enhanced multi-exciton excitations, namely 
the A and B excitons (see the arrows in Figure 1a). Because the electron and hole (e-h) pair 
contributing to the formation of A and B excitons is closely located both in momentum and in 
energy space, it is expected that these two exciton states will mutually drive correlated 
interactions. Recent ultrafast spectroscopy research has reported some oscillatory spectra in 
the optical absorption responses.21,22 However, their interpretations are focused on the single 
exciton dynamics, which fail to capture the nature of the interaction between the two A and B 
excitons. It is thus crucial to understand the internal exciton dynamics as a whole, including 
phenomena such as exciton absorption bleaching, exciton energy shift, and broadening of the 
photo-excited e-h pairs, to determine the dynamic origin of the two-particle A-B exciton 
interaction.23 
Here, we report ultrafast optical pump-probe spectroscopy of multi-exciton dynamics in an 
ultra-thin MoS2 film. By performing temporally- and spectrally-resolved measurements, we 
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observe strong transient absorption blue-shifts in the two A and B excitons, which arises from 
internal pairwise repulsive excitonic interactions. The associated linewidth broadening is 
significant, and we find that the transient broadening is caused by exciton-exciton scattering 
between the pair of the A and B excitons, rather than interactions between exciton and free-
carriers. 
Ultrafast pump-probe spectroscopy was performed in the visible range using a 50 fs, 250 
kHz Ti:sapphire laser system (Coherent RegA 9050).24 We used two excitation wavelengths 
(605 and 400 nm) generated by the second harmonics of an optical parametric amplifier’s 
(Coherent OPA) output pulses. A white-light supercontinuum created in a sapphire disk 
served as probe pulses (560 – 730 nm). The group-delay dispersion of white-light continuum 
was measured via the cross-correlation of the white-light and an 800 nm pulse on a BBO 
crystal.25 By scanning the time delay for each white-light wavelength, it was possible to 
determine the time delay of maximum up-conversion signal. In this way, we obtained the 
time-profile of the white-light probe, which was used to correct the measured ultrafast 
dynamics for each probe wavelength.26,27 The ultrafast dynamics was investigated by time-
resolved differential transmission (DT) experiments at room temperature. In order to achieve 
homogeneous pump excitation, the size of pump and probe beam spots are 100 m  and 60
m , respectively. 
The MoS2 film was synthesized with hot-wall furnace type system. Mo deposited (~1nm) 
single crystal MgO (100) substrate was placed in the center of tube furnace. The furnace was 
gradually heated from room temperature to 600 °C for 30 min. Then the temperature was 
increased from 600 °C to 1000 °C for 90 min. After keeping at 1000 °C for 10 min, the 
furnace was naturally cooled down to room temperature. During the reaction, Ar and H2S gas 
were kept flowing at a rate of 100 sccm and 5 sccm, respectively. 
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 The Raman spectroscopy with excitation laser lines of 532 nm and atomic force microscope 
(AFM) were employed to identify thickness and cristallinity of MoS2 film. As shown in 
Figure 1b, two characteristic Raman modes, 12gE  (381.9 
1cm ) and 1gA  (405.9 
1cm ) 
with the full-width-half-maximum (FWHM) of 4.9 and 3.6 1cm , are observed. From the 
peak distance (~24 1cm ) between 12gE  and 1gA  modes, the layer number of our MoS2 
film was estimated to be 4~5.28-30 The FWHM exhibits that the grown MoS2 on MgO (100) 
single crystal substrate has high crystallinity comparable with the exfoliated single crystal 
MoS2 which has the FWHM of around 3~5 1cm .31 In order to confirm the thickness of 
sample, we transferred the MoS2 film to SiO2 substrate and took AFM image as shown in 
Figure 1c; the image analysis shows that the film is uniform with layer thickness of around 3 
nm. We additionally note that the measured thickness is in agreement with the result of 
Raman spectroscopy of Figure 1b.32 The size of the MoS2 film after transfer is large (~ 1 cm 
× 1 cm). 
Figures 2a and b display the spectral and temporal responses with excitation at the B 
exciton resonant energy as a function of the pump-probe delay t . Two positive differential 
transmission (DT) changes are observed at the A and B exciton energies (1.88 and 2.03 eV, 
respectively). Between the two exciton lines, a complex spectral response with negative DT 
is observed. If we use simple exciton population dynamics to interpret the pump-probe 
signals, we may come to an abnormal physical conclusion: if we assume that the positive DT 
signals at 1.88 and 2.03 eV derive from the A and B exciton population dynamics, 
respectively, we conclude that the higher energy exciton (B exciton) has a greater population 
than the lower energy one (A exciton), even for a long time t  of tens of ps. We note that 
the results do not agree with the following theoretical prediction based on a 2D Saha 
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equation33,34 unless the ratio of coupling constants of A and B excitons is equal to or larger 
than 4 1 3(8.9 10 ) 1.1 10    .  
4/ ( / ) exp( / ) 8.9 10 1B A B AN N m m kT
       , (1) 
where AN  and BN  are the A and B exciton populations, 04.10Am m
   and 01.28Bm m   
are the A and B exciton masses, 0m  is the electron rest mass,
35 0.15 eV   is the energy 
difference between the A and B excitons, k is the Boltzmann constant and T is the 300 K 
carrier temperature.  
To resolve this issue, we have carried out more detailed spectral analyses. We fit the 
equilibrium absorption spectrum as a sum of two Gaussian functions; corresponding to the A 
and B excitons, respectively, as shown in Figure 3a.36 Figure 3b shows the spectrally-resolved 
DT data, resonantly pumped at the B exciton energy. The DT spectra are fitted by subtracting 
the equilibrium absorption Gaussians (dashed line in Figure 3a) from the pump-induced 
absorption changes, assuming that the absorption amplitude, linewidth, and center position 
are not changed significantly by the photo-excitation.22,37 We notice that the integrated areas 
of both the A and B absorption Gaussians show negligible changes from those of the original 
equilibrium Gaussian absorptions as a function of t  (Figure 3c). This constraint ensures 
that the phase-space filling is not the dominant mechanism for the observed transmission 
increase near 1.88 and 2.03 eV; otherwise, the pump-created excitons will reduce the 
integrated areas of the absorption Gaussians. As discussed later, we show that the observed 
transmission changes originate from the other two mechanisms, namely the spectral peak-
shift and broadening of the absorption Gaussians.36-40 
First, we discuss the transient spectral dynamics of the peak-shift in the A and B exciton 
energy lines. As illustrated in the inset of Figure 3d, we note that the transient blue-shift in 
the absorption Gaussian represents the red-shift in the DT spectra. In a strong quantum-
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confinement regime, the photo-generated excitons undergo many-body exciton-exciton 
repulsive interactions, whose typical spectroscopic signature appears as a red-shift in the DT 
spectra—a phenomenon known as exciton self-energy renormalization.36,38,39,41 Figure 3d 
illustrates the transient peak shifts of the A and B absorption peaks (open squares and 
triangles, respectively) and the initial DT build-up dynamics of the A and B excitons (red and 
blue solid line, respectively). Although the energy shift of the A exciton already reaches its 
maximum before its DT build-up is finished, the transient energy shift of the A and B 
excitons shows similar dynamics. This is a classic indication of inter-excitonic interaction; in 
the many-body interaction regime, the energy shift arises from the mutual interactions 
between two exciton particles, rather than from single-particle interactions.36,38,39,41,42 If the 
involved interaction comes from the A and B excitons as in our case, it is expected that the 
temporal dynamics of the two exciton energies should exhibit similar transients. Note that the 
transient energy shift of the A exciton differs from the build-up dynamics of the A exciton. 
Rather, the energy shift of the A exciton closely follow the DT build-up of the B exciton. This 
analysis suggests that pairwise internal interaction between the A and B excitons leads to the 
transient blue shift of their associated exciton energies. 
The scenario described above is further corroborated by a comparison of the recovery 
dynamics of the A and B resonant energies, shown in Figure 3e. As would be expected from 
the two excitonic interactions, the two solid lines obtained by fitting to the transient energy 
shifts of the A and B excitons are nearly indistinguishable. We can faithfully fit the transient 
resonant energies with a single exponential fit using a time constant of about 500 fs. Recently 
reported ultrafast studies on MoS2 suggest fast decay mechanisms such as inter-valley 
scattering arising from indirect band structure and surface-trap mediated scattering.21,43 We 
note that the former investigations may not be applied to our study, because the lack of 2H 
stacking in the CVD grown few-layer MoS2 could lead to negligible interlayer coupling 
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between the layers.9 Our investigation suggests that the exciton-exciton scattering, revealed 
as blue-shift dynamics on the 500 fs time scale, is one important factor for understanding the 
fast dynamics in addition to the surface-trap mediated scattering. Note that the exciton 
ionization is not responsible for the fast decay;33 although the calculated exciton binding 
energies of monolayer and bilayer MoS2 are 0.9 eV and 0.4 eV,
44 respectively, a recent 
ultrafast study21 on the 2D MoS2 thin films shows that the exciton dynamics of monolayer 
and a few layer MoS2 reveals no significant difference at room temperature.  
The second mechanism for explaining the DT imbalance (Figure 2) between the A and B 
excitons is the pump-induced exciton linewidth   broadening.21,36,40 In a simple excitonic 
absorption picture, increased exciton density due to pump excitation leads to decreased time 
between exciton collisions,  , or an increased spectral  .36 Figure 4a illustrates the way 
in which exciton broadening contributes to the observed complex DT spectra. We emphasize 
that the spectral response of the A exciton is determined not only by the spectral amplitude of 
the A exciton itself, but is also affected by the broadened negative DT shoulder of the B 
exciton, as illustrated in Figure 4b. Thus, we understand that the spectrally-broadened   of 
the two excitons simultaneously influence the DT imbalance, which naturally explains why 
the spectral amplitude of the A exciton energy is smaller than that of the B exciton (black 
downward arrow in Figure 4b). Figure 4c shows the temporal dynamics of the   broadening 
fitted by two exponential functions. The fast decay components are 460 and 530 fs for the A 
and B excitons, respectively. Whereas the initial decay exhibits a feature similar to the 
transient blue shift of the two exciton energies (Figure 3e), the transient   broadening 
shows an additional decay component of about 400 ps, which may be attributed to long-lived 
exciton radiative transition.13   
The physical origin of the   broadening is further clarified by comparing the spectral 
response of excitation at the B exciton resonant energy with that of excitation at a higher 
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energy (3.01 eV). The 3.01 eV excitation, the so-called C exciton transition, is known to 
cause an inter-band transition from the deep valence band to the conduction band.45 Because 
the pump-created holes in the deep valence band have a low probability of scattering to the K 
point, a relatively small number of carriers contributes to the A and B exciton populations; in 
other words, the resonant C exciton excitation creates less exciton density. Figure 4d 
compares the DT spectrum for the excitation at the C exciton resonance (3.01 eV, green filled 
circles) with that for the B exciton resonance (1.88 eV, black open circles), keeping the 
photo-excited carrier densities constant ( 10 29 10  cm  per layer). Resonant excitation at the 
C exciton shows a similar DT spectrum to that of the B exciton, but with much larger 
amplitude. If we assume the integrated areas of the DT spectra are the same in both cases, it 
implies that the   suffers more broadening for the resonant excitation at the C exciton. This 
result is expected because the broadening exhibits a much broader feature (and thus more 
oscillatory DT spectra) when the excitons collide with free-carriers than the case of collision 
with other excitons.36,40 In other words, the narrow   for the resonant excitation at the B 
exciton is due to a pairwise inter-excitonic collision rather than scattering between exciton 
and free-carriers. Therefore, we expect that the red-shift in the DT spectra for the resonant C 
excitation will be small. Indeed, this is exactly what we observe in Figure 3d, where a weak 
red-shift in the DT spectra is observed for the excitation at the C exciton resonant energy. 
This result also supports the idea that the transient blue-shift of the excitonic absorption is 
due to an internal excitonic interaction. 
Finally, the pump-fluence dependent study provides more information on the blue-shift and 
broadening of excitons. Figure 5a shows the observed DT spectra for different pump fluences 
with a fixed pump-probe time delay of 0.1 ps. We note that excitations with different pump 
fluences lead to similar spectral shape, which suggests that the origin of spectral response 
does not depends on the exciton population. As shown in Figure 5b and 5c, both the blue-
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shift and broadening of A and B excitons reveal linear pump-fluence dependence. This 
characteristic is in accordance with our analysis of the exciton-exciton interactions, i.e. as 
more excitons are injected by photoexcitation, more excitonic interactions take place.36 
To conclude, our ultrafast measurements on exciton dynamics reveals the following two 
main aspects. First, the A and B excitons located at the K point repulsively interact with each 
other, leading to a similar temporal evolution of the transient blue-shift of their absorption 
Gaussians. The peak energy-shift and the DT build-up transients are explained by these A-B 
inter-excitonic interactions. Second, the DT imbalance between the A and B excitons is 
explained by pump-induced   broadening. The resonant excitation at the C exciton further 
confirms the inter-excitonic scattering.  
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Figure captions 
FIG. 1. (color online) (a) Simplified band structure of bulk MoS2. The black line is the lowest 
conduction band and two orange lines are the highest valence bands split by the interlayer 
interactions. The two arrows are the direct-gap exciton transitions, namely the A (red arrow) 
and B (blue arrow) excitons. (b) Raman spectrum with 532 nm excitation laser pulse of thin 
MoS2 film sample. (c) AFM image for thin MoS2 film sample. Inset: the height profile of 
AFM image in main panel. 
 
FIG. 2. (color online) Spectrally- and temporally-resolved ultrafast response after resonant 
excitation at the B exciton with 10 2J/cm of pump fluence. (a) The DT spectra in the photon-
energy range between 1.7 and 2.15 eV and (b) the corresponding temporal dynamics with 
five different probe-photon energies are shown. Inset: a schematic band structure of MoS2 
near the K point of the Brillouin zone. 
 
FIG. 3. (color online) Ultrafast inter-excitonic transients. (a) Absorption spectrum (thick gray 
line) and the corresponding fit (dashed black) using the sum of two A (red) and B (blue) 
absorption Gaussians are shown. (b) Spectrally-resolved DT spectra (black open circles) with 
excitation at the B exciton resonance are shown as a function of t . The red and blue dashed 
lines indicate the equilibrium peak position of the A and B excitons, respectively. The small 
arrows indicate the red-shifts in the DT spectra. (c) Spectrally-integrated DT areas of the 
absorption Gaussians. (d) Initial build-up dynamics of the A and B excitons (red and blue 
lines, respectively) and the transient blue-shifts of the A and B exciton energies (open squares 
and triangles, respectively). Inset: a schematic illustrating the transient blue-shift of the 
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absorption Gaussians (0: without the pump, shifted: with the pump) leads to the red-shift of 
the DT spectra of T (black solid line). (e) Recovery dynamics of the transient blue-shift and 
the corresponding single-exponential fit are shown for the A and B exciton energies (red and 
blue lines, respectively). 
 
FIG. 4. (color online) Exciton linewidth broadening. (a) A schematic illustration for the 
exciton broadening. The gray line shows the equilibrium absorption without the pump. The 
photo-induced collision leads to the broadening of the A and B excitons (red and blue lines, 
respectively). (b) The corresponding DT spectra for the A (TA, dashed red line) and the (TB, 
dashed blue line) excitons are schematically shown. The overall DT spectra (T= TA +TB, 
black solid line) show the DT amplitude at the A exciton is smaller than that of the TA, as 
indicated by the black downward-facing arrow. (c) Temporal dynamics of the  broadening 
for the A and B excitons (red open squares and blue open triangles, respectively) and the 
corresponding bi-exponential fits (red solid for the A exciton and blue solid for the B exciton) 
after resonant excitation at the B exciton energy. (d) DT spectra with resonant excitation at 
the B exciton energy (red open circles) and those of at the C exciton (green filled circles) are 
shown. The solid lines (green for the resonant excitation at the C exciton and black for that at 
the B exciton) represent the corresponding fits to the measured DT spectra at t  = 0.1 ps. 
The red and blue dashed lines indicate the equilibrium peak positions of the A and B exciton 
energies, respectively. 
 
FIG. 5. (color online) Pump-fluence dependent spectral responses with resonant excitation at 
the B exciton. (a) DT spectra with different pump fluences of 30 2J/cm , 20 2J/cm  and 10
17 
2J/cm at a fixed pump-probe time delay of 0.1 ps. (b) Pump-fluence dependence of blue-
shift of the A and B exciton center. (c) Linewidth broadening of the A and B excitons as a 
function of pump-fluence. In (b) and (c), red open squares and blue open triangles correspond 
to the A and B excitons, respectively. Gray solid line is an eye-guide for a linear response.  
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